Background: The surgical treatment of congenital heart disease is reported to be associated with a high prevalence of scoliosis, although the detailed etiology is unknown. Surgical interventions involving the rib cage are considered to increase the risk of scoliosis. However, whether the cardiac condition or the procedure performed makes patients more susceptible to the development of spinal deformity is controversial.
develop late complications, including not only heart-related complications but also skeletal complications 3 . One of the skeletal complications is scoliosis. A high prevalence of scoliosis after cardiac surgery for the treatment of CHD has been reported, and surgical interventions involving the immature rib cage (sternotomy and/or thoracotomy) are considered to increase the risk of scoliosis [4] [5] [6] [7] [8] [9] . However, controversy remains with regard to whether the cardiac condition or the procedure performed makes the patient more susceptible to the development of spinal deformity.
The purpose of the present study was to elucidate the prevalence of and predictive factors for scoliosis among patients with CHD who underwent cardiac surgery with use of procedures involving the immature rib cage (sternotomy and/or thoracotomy) in the first year of life. We hypothesized that the prevalence of scoliosis is high in such patients and that both cardiac and operative factors can affect the severity of scoliosis.
Materials and Methods Patients
I nstitutional review board approval was obtained prior to the initiation of this study, and the requirement for written informed consent of patients and their parents was waived because of the retrospective nature of the study. The 10-year period from 1995 to 2004 was chosen in order to obtain a sizable group of patients and to ensure a minimum duration of follow-up of 10 years from the time of cardiac surgery. Among a total of 975 patients who underwent cardiac surgery for the treatment of CHD in the first year of life, 477 were excluded because of a lack of standing chest radiographs at ‡10 years of age (reported death, n = 80; lost to follow-up including unreported death, n = 397). Among the remaining 498 patients, 5 who demonstrated congenital spinal deformity and 10 who were also affected by neuromuscular diseases also were excluded. The upper age limit at the time of surgery (<1 year) was selected to achieve a uniform skeletal age, which is reported to affect the development of scoliosis. Therefore, 483 patients (257 males and 226 females) were included in the final analysis. The mean age at the time of surgery was 112 days (range, 0 to 364 days), and the mean age at the time of the last standing chest radiograph was 14.4 years (range, 10 to 21 years) (Table I) .
Radiographic Evaluation
All posteroanterior radiographs included the L2 level or lower. If no tilt of L2 was observed, the lumbar spine was considered to be straight (no lumbar scoliosis). Spinal curvature was measured according to the Cobb method 10 on a flat monitor with use of built-in imaging software (Centricity CDS; M & H). Scoliosis was defined as curvature of >10°and was graded as mild ( ‡10°to <20°), moderate ( ‡20°t o <30°), pronounced ( ‡30°to <45°), or a surgical candidate ( ‡45°) ( Table II) . Curve locations were classified as high thoracic, low thoracic, or lumbar. For patients with >1 curve, the existence of a vertebral apex that was prominent to the contralateral side of the proximal or distal curve with a Cobb angle of ‡10°was classified as a double thoracic curve or a thoracic and lumbar curve, depending on the location of the curvature. The curvature with the largest Cobb angle was used in the subsequent analysis.
The convexity of each curve to the left or right also was recorded. One of the authors, who is a board-certified spine surgeon, measured all of the radiographic parameters.
Data Collection
Clinical data were reviewed for surgical history and cardiac condition. Preoperative, perioperative, and postoperative variables are listed in Table II . Diagnoses of CHD were classified into 20 groups based on primary diagnosis (Table III) . Cyanosis *The data are given as the mean and the standard deviation, with the range in parentheses. was defined if patients were diagnosed as having a single functional ventricle or relatively balanced ventricles but surgically untreatable intracardiac defect(s) with right-to-left shunting. Heart failure was defined if the patient was currently being managed with medications such as digoxin, diuretics, angiotensin-converting enzyme inhibitors, or beta blockers. On the basis of posteroanterior chest radiographs, which were used for evaluation of scoliosis, the cardiothoracic ratio (CTR) was measured, and cardiomegaly was defined if the CTR was >0.55 11 .
Statistical Analysis
Statistical analyses were performed with use of PASW Statistics (version 24; SPSS). For univariate analysis, the Mann-Whitney U test was used to compare age at initial surgery, age at radiography, and number of procedures, whereas the chi-square test was used to compare sex, use of cardiopulmonary bypass, sternotomy, thoracotomy, postoperative cyanosis/heart failure, and New York Heart Association (NYHA) class. To assess predictive factors for each degree of scoliosis, multivariate logistic regression analysis was performed with use of variables with a p value of <0.20 in univariate analysis. P values of £0.05 and £0.0083 were considered significant for 2-group and 4group comparisons, respectively.
Results

Prevalence and Characteristics of Scoliosis
T he mean age at the time of the initial cardiac procedure was 112 days (range, 0 to 364 days), and the mean age at the time of radiography was 14.4 years (range, 10 to 21 years). The prevalence of scoliosis was 42.4% (205 of 483), and those of ‡10°to <20°, ‡20°to <30°, ‡30°to <45°, and ‡45°scoliosis were 31.7% (153 of 483), 5.8% (28 of 483), 2.5% (12 of 483), and 2.5% (12 of 483), respectively. Curve locations were high thoracic in 33.2% of the patients, low thoracic in 30.2%, double thoracic in 31.2%, and thoracic and lumbar in 5.4%. Convexity was to the left in >70% of high thoracic curves, to the right in >70% of low thoracic curves, and to the left in >70% of lumbar curves (Table IV) . Data regarding nonoperative treatment with serial casting or a brace could not be collected. Only 3 patients underwent surgery for the treatment of progressive scoliosis during the follow-up period. The degrees of curvature at the time of scoliosis surgery were 83°(T4 to T11) at the age of 13 years for 1 of those patients and 48°(T1 to T6) and 56°(T6 to T12) at the age of 17 years for another; the preoperative radiograph for the third patient was unavailable, but she underwent scoliosis surgery at the age of 12 years and demonstrated 37°(T5 to T12) of curvature even after the surgical correction. However, 12 patients (2.5%) demonstrated curvature of >45°, which is the threshold for surgical The distribution of curve severities was not significantly different between the groups (Table V) .
Effects of Thoracotomy on the Development and Convex Side of the High Thoracic Curve
The prevalence of a high thoracic curve type was significantly higher for patients who underwent right or left thoracotomy compared with patients who did not undergo thoracotomy.
However, the sides of the apex were not different between the groups (Table VI) .
Univariate Analysis of Predictive Factors for Scoliosis
In patients with ‡10°scoliosis, the female:male ratio, rate of left thoracotomy, average number of surgical procedures, rate of postoperative heart failure, average NYHA class, and average age at the time of radiography were significantly higher than those in patients without scoliosis (see Appendix). In patients with ‡20°scoliosis, the average number of surgical procedures, rate of cardiomegaly, rate of postoperative heart failure, average NYHA class, and average age at radiography were significantly higher than those in patients with less-than-moderate scoliosis (see Appendix). In patients with ‡30°scoliosis, the average number of surgical procedures, rate of bilateral thoracotomy, rate of cardiomegaly, average NYHA class, and average age at the time of radiography were significantly higher than those in patients with less-than-pronounced scoliosis (see Appendix). In patients with ‡45°scoliosis, the female:male ratio, rate of bilateral thoracotomy, average number of surgical procedures, and rate of cardiomegaly were significantly higher than those in patients with curves of <45° (Table VII) . 
Multivariate Logistic Regression Analysis
Multivariate logistic regression analysis demonstrated that predictive factors were female sex (odds ratio [OR] = 2.15, p < 0.001), left thoracotomy (OR = 1.74, p = 0.040), bilateral thoracotomy (OR = 4.20, p = 0.015), NYHA class (OR = 2.80, p < 0.001), and age at radiography (OR = 1.13, p = 0.001) for ‡10°scoliosis; cardiomegaly (OR = 4.15, p = 0.001), NYHA class (OR = 2.80, p < 0.001), and age at radiography (OR = 1.22, p < 0.001) for ‡20°scoliosis; cardiomegaly (OR = 3.29, p = 0.016), number of surgical procedures (OR = 1.41, p = 0.033), and age at radiography (OR = 1.19, p = 0.026) for ‡30°s coliosis; and cardiomegaly (OR = 6.13, p = 0.005) for ‡45°s coliosis (Table VIII) .
Discussion
T he present study demonstrated that approximately half of patients with CHD who underwent cardiac surgery during the first year of life developed scoliosis. The prevalence of pronounced or surgical-candidate scoliosis ( ‡30°) also was high (5.0%). While female sex and surgical approach were predictors of ‡10°scoliosis, cardiomegaly and heart failure were associated with more-pronounced scoliosis. Particularly, cardiomegaly was the most significant predictive factor for ‡20°and ‡30°scoliosis. Age at the time of radiography was a predictor of <45°scoliosis; however, the relative association was small.
Prevalence of Scoliosis After Surgical Treatment of CHD and Related Factors
The prevalence of idiopathic scoliosis has been reported to be 2% to 3% for mild scoliosis ( ‡10°) and 0.1% to 0.3% for pronounced scoliosis ( ‡30°) 12, 13 . However, the prevalence of ‡10°scoliosis in the present study was 10 to 20 times higher than that of idiopathic scoliosis, similar to the findings in a previous report by Ruiz-Iban et al., in which the prevalence of scoliosis was 46% in patients who underwent cardiac surgery before the age of 18 months 7 . Coronal spinal deformity caused by mechanical injury to the costovertebral joints after sternotomy or thoracotomy 14 is thought to result in the high prevalence of scoliosis after congenital heart surgery during the early period of life, when the skeletal structure is immature and grows rapidly. All of the identified predictive factors for scoliosis in the present study, including female sex, heart-related factors (NYHA class), surgical approach, number of surgical procedures, and age at radiography, have already been reported [4] [5] [6] [7] [8] [9] . The slightly higher prevalence of scoliosis in female patients is similar to that in previous reports [4] [5] [6] [7] [8] [9] ; however, multivariate analysis revealed that female sex was not a predictor of ‡20°, ‡30°or ‡45°scoliosis (female-to-male ratios: 1.4 for ‡20°s coliosis, 1.7 for ‡30°scoliosis, and 3.0 for ‡45°scoliosis). This trend toward increased female-to-male ratios with curve progression is not clear compared with that observed for idiopathic scoliosis, for which the female-to-male ratio increases with curve progression (2.0 for mild, 5.4 for moderate, and 10.0 for pronounced scoliosis) 12, 13 .
Multivariate analysis demonstrated that left and bilateral thoracotomy were predictive factors for ‡10°scoliosis in the present study. However, the direct influence of thoracotomy on the occurrence of scoliosis cannot be proved from this study because 68 (86.1%) of 79 patients who underwent surgery via left thoracotomy and all 18 patients (100%) who underwent surgery via bilateral thoracotomy had undergone subsequent or previous surgery via median sternotomy. Hence, combined thoracotomy and sternotomy, rather than single left thoracotomy, which was typically applied at the closure of patent ductus arteriosus or repair of isolated coarctation of the aorta, would be a predictor of scoliosis.
Further Progression of Scoliosis After Surgery for CHD and Related Factors
NYHA class and cardiomegaly were identified as predictive factors for further progression of scoliosis. Although a theoretical explanation for the direct relationship between heart failure and scoliosis is difficult, cardiomegaly was the sole predictor of ‡45°(surgical-candidate) scoliosis. Thus, our results provide new evidence on the controversial issue of the effect of cardiomegaly on scoliosis.
Anterior chest deformity due to cardiomegaly is a wellknown clinical phenomenon associated with skeletal immaturity in younger patients. The chest wall on the same side as the cardiac ventricular apex usually deforms anteriorly as a result of repetitive mechanical pulsation of dilated ventricles of the heart and has been shown to be an isolated predictive factor for scoliosis in animal experiments 15 . Thus, cardiomegaly can be a compounding factor of scoliosis caused by the interventions on the immature rib cage during the surgical treatment of congenital heart disease.
Associated congenital anomalies or genetic disorders may be related to the high prevalence of scoliosis in patients with CHD after cardiac surgery [16] [17] [18] [19] . However, Reckles et al. found only 1 case (<1%) of congenital scoliosis in a study of 377 patients 8 . In the present study, only 5 (1%) of 498 patients who underwent standing radiography demonstrated congenital spinal anomaly and were excluded from analysis. These results suggest that congenital anomalies or genetic disorders do not have a profound influence on the development of scoliosis in patients with CHD 18, 19 , whereas genetic disorders recently have been shown to have an influence on the development of idiopathic scoliosis 20, 21 .
Study Limitations
The present study had several limitations. First, the follow-up rate at ‡10 years after surgery was only 50%, largely because of the severity of the heart disorders and the fact that the patients were located all over the country; nevertheless, the follow-up rate was sufficient for statistical analysis. Second, the orthosis prescription rate for patients with more-thanmoderate scoliosis is unclear. The effectiveness of prevention of curve progression with use of bracing for skeletally immature patients has been demonstrated 22 , and brace treatment with sufficient wearing time can significantly reduce the risk of surgery 23 . Adequate intervention with bracing might have altered the final prevalence of surgical-magnitude curves in the study population. Third, although sternal and chest wall deformities caused by congenital heart surgery may result in scoliosis, the relationship between the existence of sternal and chest wall deformities and the development of scoliosis was not revealed objectively. To estimate their relationship more accurately, lateral chest radiographs are now being made for the patients in the present study and data are being accumulated. Fourth, the mean age at the latest follow-up in the present study was 14.4 years, which was slightly younger than the age at which skeletal maturity is reached. A longer follow-up period may increase the prevalence of scoliosis and affect the results of the statistical analysis. However, it is generally difficult to achieve both a long follow-up period and a high follow-up rate. Finally, Cobb angle measurement including the L2 vertebra as the lowest level in a majority of patients might lead to undermeasurement or mismeasurement of the curvature, and this could result in an underreporting of patients with a lumbar curve.
Overview
In conclusion, cardiac surgery for CHD performed in the first year of life was associated with a high prevalence of scoliosis ( ‡40%). Female sex and surgical approach were among the predictors of ‡10°scoliosis, whereas cardiomegaly, cardiac function, and the number of surgical procedures were associated with ‡20°and ‡30°scoliosis. Cardiomegaly was the sole predictor of ‡45°scoliosis Thus, our results provide new evidence on the controversial issue of the effect of cardiomegaly on scoliosis. Further improvement of surgical strategies, periodic checkups involving the evaluation of standing chest radiographs for evidence of scoliosis, and cooperation between cardiac and orthopaedic surgeons should be expected to stave off the deterioration in quality of life due to spinal deformity.
